Observations from the 2007 Border Air Quality and Meteorology Study (BAQS-Met 2007) in Southern Ontario, Canada, were used to evaluate predictions of primary organic aerosol (POA) and two other carbonaceous species, black carbon (BC) and carbon monoxide (CO), made for this summertime period by Environment Canada's AURAMS regional chemical transport model. Particle component-based factor analysis was applied to aerosol mass spectrometer measurements made at one urban site (Windsor, ON) and two rural sites (Harrow and Bear Creek, ON) to derive hydrocarbon-like organic aerosol (HOA) factors. A novel diagnostic model evaluation was performed by investigating model POA bias as a function of HOA mass concentration and indicator ratios (e.g. BC/HOA). Eight case studies were selected based on factor analysis and back trajectories to help classify model bias for certain POA source types. By considering model POA bias in relation to co-located BC and CO biases, a plausible story is developed that explains the model biases for all three species.
Introduction
Particulate matter (PM) has important health impacts on cardiovascular morbidity and lung function (Pope and Dockery, 2006; Mauderly and Chow, 2008) . Even trace levels of some directly-emitted aerosol chemical components (e.g., PAHs) can be quite toxic and have significant adverse human health effects (Boström et al., 2002) . PM emissions are also essential in determining cloud-condensation-nuclei number concentration, which impacts cloud radiative forcing properties and regional-scale climates (Zhang, 2008; Grell et al., 2011) . However, it is challenging to establish a cause-and-effect relationship with specific sources contributing to PM because of the wide array of particle sources and atmospheric transformation mechanisms. To simulate the complex processing of primary PM emissions in the Earth system, air quality (AQ) and climate modeling systems are being developed as predictive tools (e.g., IPCC AR4 WG1, 2007; Kelly et al., 2011) and for providing policy guidance for emission reduction strategies via retrospective simulations (e.g., Environment Canada and Health Canada, 2011) .
The carbonaceous component of PM is the most complex component to characterize due to the wide range of constituent organic compounds with different sources and varying chemical reactivity and physical properties such as volatility, light scattering, light absorption, and hygroscopicity. Organic aerosol (OA) and black carbon (BC) are both key PM chemical components that are co-emitted from combustion sources. An organic carbon coating on BC particles can alter their morphology (Chan et al., 2010) by enhancing the collapse of BC clusters, which can in turn alter the scattering and absorption properties of the emitted particles (Andreae and Gelencsér, 2006) . The organic component of combustion aerosol is relatively hydrophobic, typically, >85 % by mass (Schauer et al., 1999; Sage et al., 2008) . In experimental dilution samplers, the organic component of combustion aerosol has been shown to obey absorptive partitioning theory (e.g., Robinson et al., 2010) , which suggests that it is dynamic in nature and can evaporate on dilution to atmospheric scales.
Primary organic aerosol (POA) is defined as directly emitted organic aerosol (e.g. traffic emissions, biomass burning).
POA has received less attention in the literature than secondary organic aerosol (SOA). However, POA is important because it can act as a seed for organic vapour condensation and it is believed to contain some toxic materials (e.g., dioxins: Lohmann and Jones, 1998; Lee et al., 2007) . Traditionally, POA has been thought of as an inert tracer in AQ models; however, recent laboratory studies have raised some doubts about this assumption (Robinson et al., 2010) . For the above reasons, it is important to try to isolate POA from SOA in model evaluation studies.
OA data acquired by the Aerosol Mass Spectrometer (AMS) instrument have been deconvolved into hydrocarbonlike OA (HOA) and oxygenated OA (OOA) components (Zhang et al., 2005) . HOA has been linked to primary emissions such as liquid fuel combustion. Zhang et al. (2007) performed factor analysis on AMS data from 37 field campaigns and found that HOA represented 36 % and 17 % of OA at urban and suburban sites, respectively. There has been discussion in the literature about whether HOA includes other sources such as food cooking and biomass burning. A positive matrix factorization (PMF) analysis of AMS data in Zurich, Switzerland during the summer (Lanz et al., 2007) ascribed a 10 % contribution from liquid fuel combustion and a 10-15 % contribution from local food cooking to OA in which both sources loaded onto the HOA factor with a 2-component solution (HOA, OOA) but were separated with a 3-component solution (HOA, food cooking, OOA). Mohr et al. (2009) analyzed the unit resolution AMS spectra from meat cooking, plastic burning, paper burning, and wood burning and concluded that meat cooking and plastic burning grouped with the HOA factor, whereas paper burning and wood burning grouped on a unique factor (termed BBOA). In general, with the unit resolution AMS and a limited number of PMF factors chosen, biomass burning will load on its own factor for air masses sampled near biomass burning sources but will load mostly onto the HOA factor for a smaller regional biomass burning influence .
POA is challenging to model because its emissions have large uncertainties in terms of source activity levels (e.g., vehicle distance traveled), fuel-based PM emission factors (e.g., mass of PM emitted per distance traveled), PM chemical and size profiles (e.g., POA fraction of PM, PM 1 fraction of PM 2.5 ), source spatial and temporal profiles, as well as organic-component volatility distribution (Robinson et al., 2010) . Nonetheless, source-oriented AQ modeling systems have advanced in terms of predicting POA and SOA ambient concentrations and in estimating biogenic and anthropogenic contributions to SOA formation. Good agreement between source-resolved models and receptor-based analysis can also increase our confidence in the source apportionment of POA. Ying et al. (2007) used the CIT/UCD model to evaluate Los Angeles PM 2.5 data. BC and OA concentrations were underpredicted at rush-hour periods, which were attributed to a bias in the diesel emission inventory. Bhave et al. (2007) performed a diagnostic evaluation of CMAQmodel-predicted PM 2.5 OA using molecular marker measurements from eight sites in the Southeastern US during the summer. Results indicate that the modelled contributions from vehicle exhaust and biomass combustion were unbiased across the region for most sites; however, in Atlanta, overestimation of vehicle emissions was significant but was partially compensated by underestimates of other sources. Lane et al. (2007) evaluated the PMCAMx model against chemicalmass-balance results from sites in the eastern US. There was evidence that POA concentrations from natural gas, wood burning, and off-road diesel combustion were overestimated. Zhang and Ying (2010) used the UCD/CIT model to study the source contributions to PM 2.5 in the Houston-Galveston, Texas area. PM 2.5 BC in the 4-km model domain was largely from diesel combustion while POA was largely from a combination of gasoline and diesel combustion and industrial sources. Predicted POA from diesel and gasoline combustion agreed well with observed HOA, but predicted POA from biomass burning under-represented the biomass burning organic factor (BBOA) and differences were attributed to wildfire emissions missing from the inventory.
The Border Air Quality and Meteorology Study (BAQSMet 2007) collected state-of-the-art, high-time-resolution OA measurements at two rural sites and one urban site in southwestern Ontario in summer 2007 . Southwestern Ontario is home to some of the highest PM concentration levels in Canada. Southwestern Ontario is also one of the most challenging regions for AQ predictions due to the presence of both a wide range of sources and complex mesoscale meteorology associated with the southern Great Lakes of North America.
This study presents a detailed evaluation on the current state of chemical transport model (CTM) predictions of primary organic aerosol (POA) using Environment Canada's AURAMS model, (Makar et al., 2010a; Stroud et al., 2011) , recent Canadian and US national emissions inventories, and detailed field measurements from the BAQS-Met field study. The objectives of this study are to quantify POA biases that can be expected with AURAMS and to identify where the greatest uncertainties reside so as to guide future model improvements. The novel approach that is followed is to analyze model biases for POA in terms of pollutant concentrations and indicators of air-mass sources and history (e.g., HOA concentration, ratios of BC/HOA). Case study periods selected using single-particle PMF analysis (McGuire et al., 2011) and meteorological back trajectories provide additional information to aid in diagnosing systematic model biases by source type.
The paper is organized as follows. Section 2 describes the scientific methods that were used; Sect. 3 presents results on: (3.1) POA sources affecting the study area, (3.2) campaign statistics for POA at the Windsor urban site, (3.3) a correlation plot for POA bias as a function of POA and indicator ratios for Windsor, (3.4) campaign statistics for CO and BC at Windsor, (3.5) campaign statistics for POA at the rural sites, (3.6) campaign statistics for CO and BC at the rural sites, and (3.7) case studies at rural sites; Sect. 4 presents discussion on: (4.1) other receptor-modelling results in comparison to our results and (4.2) recommendations for future work. Lastly, Sect. 5 provides conclusions and a Supplementary Information section provides supporting material and additional analyses.
Methodology

BAQS-Met field study and supersites
The BAQS-Met field campaign was conducted from 20 June to 10 July 2007 in southwestern Ontario east of the Detroit, Michigan-Windsor, Ontario urban area and close to the international border between Canada and the US The DetroitWindsor urban area is also a major industrial area with automobile manufacturing, steel production, chemical production, electric power generation and petrochemical refining sectors. The BAQS-Met study area is also influenced by major point emission sources located along the St. Clair River to the north of Detroit (petrochemical refineries and electricpower generating stations), other cities such as Toledo and Cleveland, and electric-power generating stations located on the southern shores of Lake Erie (see Fig. 1 ).
The study area is also frequently impacted by long-range transport of pollution from the Ohio Valley and US Midwest into Southern Ontario. In addition to such synopticscale flows, complex mesoscale circulations frequently occur in the BAQS-Met study area in the summer due to the presence of two of eastern North America's five Great Lakes, Lakes Erie and Huron, and another large lake, Lake St. Clair, which is located just northeast of Detroit-Windsor. These terrain-forced mesoscale circulations, including multiple lake breezes and land breezes, can have a strong influence on pollutant transport and transformation, including the pollutants carried in the urban plume from Detroit-Windsor .
Four AQ super-sites were operated during the study; their locations are shown in Fig. 1 . The Windsor site was located in the eastern half of that city just south of a major highway carrying cross-border traffic to the Ambassador Bridge joining Canada and the US The Bear Creek site was located ∼60 km east-northeast of Detroit-Windsor across Lake St. Clair in a wetland area surrounded by farmland. The Harrow site was situated ∼40 km southeast of Detroit-Windsor and ∼5 km north of Lake Erie on farmland. The Ridgetown site was the eastern-most site and was also located on farmland just north of the Lake Erie shoreline. This site geometry allowed both the Detroit-Windsor urban plume and regional air masses to be sampled simultaneously at the rural sites on many days. The high-time-resolution PM 1 OA data considered in this study were collected by AMS instruments at three 
AQ modelling system description and setup
AURAMS is a regional AQ modelling system developed by Environment Canada (EC); the acronym AURAMS stands for "A Unified Regional Air-quality Modelling System". AURAMS consists of three main components: a numerical weather prediction model; an off-line regional chemical transport model (CTM); and an emissions processing system. Version 1.4.0 of the AURAMS CTM, which was used in this study, was driven by version 3.2.2 of the Canadian operational weather forecast model, GEM (Global Environmental Multiscale model) (Côté et al., 1998) and emissions files prepared using version 2.3 of the SMOKE emissions processing system (CEP, 2011) . Note that we reference specific version numbers here so that the model development and evaluation over time can be documented and accessed by the modeling community.
The GEM meteorological model with physics version 4.5 was run from 1 June to 31 August 2007 for a 575 × 641 global, variable-resolution, rotated latitude-longitude horizontal grid with a 432 × 565 uniform subgrid with 0.1375 • (∼15.3-km) grid spacing centered on and covering North America. 58 hybrid vertical coordinate levels from the Earth's surface to 10 hPa were employed, with layer thickness increasing monotonically with height, and a 450-s time step was used. A high-resolution limited-area configuration of GEM was also run for part of this period (17 June to 11 July) for a domain covering the Great Lakes area: 565 × 494 × 58 grid, 0.0225 • (∼2.5-km) horizontal grid spacing, and 60-s time step. Hourly output from the global GEM simulation was used to provide boundary conditions for the high-resolution limited-area GEM simulations. More details may be found in Makar et al. (2011a) .
Wind fields from the high-resolution GEM simulations were also used to produce 48-h, three-dimensional, kinematic back trajectories arriving at the BAQS-Met study super-sites (see accompanying Supplemental Information section). The back trajectories were calculated using a 120-s time step and five different arrival heights (0.05, 0.1, 0.3, 1, and 3 km) so the vertical directional shear could be estimated. The model takes into account advection by 3-D winds (Runge-Kutta temporal scheme of order 4). This trajectory model was originally developed by the Environmental Emergency Response team at EC's Canadian Meteorological Centre.
The AURAMS CTM includes representations of gas-, aqueous-, and particle-phase chemistry and predicts tropospheric ozone, size-distributed particulate matter (based on a sectional treatment), and acid deposition. Overall, the model tracks 157 species: 49 gaseous species and nine aerosol species distributed over 12 logarithmically-distributed size bins ranging from 0.01 to 41 µm in Stokes diameter. In this study, PM 1 refers to particles with a Stokes diameter less than 0.68 µm (mass in bins 1-6 and 0.042 of bin 7). This corresponds to the vacuum aerodynamic diameter particle transmission cut-off of the AMS instrument (personal communication with Dr. John Liggio, assuming a particle density of 1.5 g m −3 and a shape factor of unity). The nine PM chemical species considered are POA, BC, SOA, sulphate, nitrate, ammonium, crustal material (CM), sea salt, and particlebound water. Removal processes include wet and dry deposition of both gases and particles. Operator splitting is applied to the various process parameterizations in the following order: point source emissions and plume rise; advection; vertical diffusion, gas-phase dry deposition, and surface emissions; gas-phase chemistry; aerosol processes (nucleation, condensation/evaporation, coagulation, sedimentation, dry deposition), in-cloud and below-cloud processes; and SOA formation. The most up-to-date descriptions of AU-RAMS process representations can be found in the following references: SOA formation in Slowik et al. (2010) and Stroud et al. (2011) ; gas-phase chemistry and speciation in Stroud et al. (2008) ; vertical mixing and urban-heat-island effects in Makar et al. (2006) ; cloud processing of pollutants in Gong et al. (2006) ; and aerosol particle dynamics in Gong et al. (2003) . A three-level nested grid configuration was used for the AURAMS CTM, consisting of an outer continental grid with 42-km horizontal grid spacing, an inner eastern North American grid with 15-km grid spacing, and a finescale 2.5-km grid over the BAQS-Met study region (Fig. 2) . Twenty-eight terrain-following modified-Gal-Chen vertical layers were used with monotonically-increasing spacing to 29 km a.g.l. starting from a 15-m-thick lowest layer. The model time step was chosen proportionate to the grid spacing to maintain numerical stability. For this study, a 900-s time step was used for the 42-km and 15-km simulations while a 120-s time step was used for the 2.5-km simulation. Meteorological fields were provided for the 42-km and 15-km domains from the GEM 15-km simulations and for the 2.5-km domain from the GEM 2.5-km simulations. Chemical lateral boundary conditions (CLBC) derived from climatology are assumed for the 42-km continental domain (Makar et al., 2010b) . All results presented here are from the innermost, highest-resolution domain.
Treatment of emissions
Files of hourly, speciated, gridded anthropogenic emissions were prepared for the three AURAMS CTM grids based on the 2006 Canadian, 2005 US, and 1999 Mexican national emission inventories (NEIs) using version 2.3 of the SMOKE emissions processing system. Emissions were separated into four major emissions source streams: on-road mobile (ORM) sources; off-road mobile and area (ORAA) sources; minor-point sources; and major-point sources. ORM sources include exhaust emissions and evaporative emissions from cars, light-and heavy-duty trucks, buses, and motorcycles. ORAA emissions include engine emissions from construction, agricultural, commercial and residential activities, marine, rail, and air transport, coal, oil, wood, and natural gas combustion, oil sands and mining vehicle fleets, solvent use, and fugitive emissions. Point sources are larger sources that emit at least 100 tonnes (Canada) or 100 tons (US) per year of at least one of the following pollutants: SO 2 , NO x , CO, VOC, NH 3 , PM 2.5 , or PM 10 ). Minor-point sources include chimneys and smokestacks with a stack height less than or equal to 30 m, and major-point sources include facilities with stack heights greater than 30 m (e.g., electric power generation units, smelters, refineries).
To obtain emissions of POA for the four source streams from the bulk PM 2.5 emissions in the inventories (unspeciated emissions of particles with aerodynamic diameter less than 2.5 µm), four source-stream-specific PM 2.5 chemical speciation profiles were employed. The POA percentages of bulk PM 2.5 emissions were 34 % for ORM emissions, 26 % for ORAA emissions, 16 % for minor-point emissions and 16 % for major-point emissions. These splitting percentages were derived using the 2001 US NEI and PM chemical speciation profiles from the EPA SPECIATE4.2 profile library (US EPA). The profiles were grouped into the four source streams and then each profile was mass-weighted (based on the summed emissions in the NEI that use each profile divided by the total PM in a particular source stream) to arrive at the representative averaged splitting factors for each source stream. The speciated PM emissions thus obtained must also be size-disaggregated into the 12 size bins used by the AURAMS CTM; a weighted average of measured PM size distributions for different source types was applied for each of the four source streams based on measured size distributions presented in Eldering and Cass (1996) . For example, The annual inventory data were also temporally disaggregated to hourly emissions by applying source-specific monthly, weekly, and diurnal profiles within SMOKE to each of the hundreds of Canadian, US, and Mexican source types. The Canadian NEI data set was spatially disaggregated based on 42 spatial surrogate fields that, in turn, were derived from 28 socioeconomic categories from the 2001 Canadian census (e.g., population density, roadways, etc.).
Our base-case simulation assumed that the POA emissions were non-evaporative. Robinson et al. (2007) published results highlighting the potential importance of POA evaporation as a diesel exhaust plume mixes in a laboratory dilution sampler. Recently, Robinson et al. (2010) suggested that for high-emitting sources, the bias due to absorptive partitioning may be as high as a factor of ∼4 in mass concentration depending on the level of dilution in the atmosphere. The POA emission factors reported in Schauer et al. (1999) may also be biased high by a factor of ∼2 due to filter sampling artifacts (see Fig. 6c in Robinson et al., 2010) . Over urban source regions, the modelled POA mass concentration scales close to linearly with the emissions strengths (Samaali et al., 2011) . Our PM 1 POA comparison to HOA will provide further evidence to determine whether a POA evaporation hypothesis is supported in comparing our CTM predictions based on current NEI data with the ambient data.
Measurement techniques
OA measurements were made at three BAQS-Met supersites: Windsor, Harrow, and Bear Creek (see Fig. 1 ). The three OA measurement sites were strategically located to sample both within the Detroit-Windsor air shed and the Detroit/Windsor urban plume under common wind directions. In general, when synoptic patterns produced gradient wind flows from the southwest, Harrow received only regional background air, including the influence of the Ohio River Valley and US Midwest, whereas Bear Creek received regional background air with Detroit-Windsor emissions superimposed. Conversely, when gradient wind flows were from the northwest, Bear Creek received clean continental air from Northern Michigan and Central Canada, whereas Harrow received this background air plus Detroit-Windsor emissions. Time periods when Bear Creek and Harrow were measuring similar POA mass concentration likely reflect periods when concentrations are representative of a regional background for the study region. In practice, however, these patterns are complicated by local lake-related circulation patterns (Levy et al., 2010) , so measurements need to be examined on a case-by-case basis to understand the local source-receptor relationships.
PM 1 OA, SO 4 , and NO 3 measurements were made at both Bear Creek and Harrow using Aerodyne time-of-flight aerosol mass spectrometers (AMS), as described in detail in Slowik et al. (2011) . Briefly, particle composition was measured by a unit mass resolution instrument (C-ToF-AMS) deployed at Harrow from 17 June to 10 July and a high-resolution instrument (HR-ToF-AMS) deployed at Bear Creek from 28 June to 10 July. The AMS provides quantitative size-resolved mass spectra of the PM 1 non-refractory component. As described in Slowik et al. (2011) , collection efficiencies for both instruments were estimated on site. The OA mass spectra from the two instruments were analyzed by positive matrix factorization. The PMF solution arrived at in Slowik et al. (2011) consisted of four factors, which were labelled HOA (hydrocarbon-like OA), OOA-1 and OOA-2 (oxygenated OA, types 1 and 2), and an Unknown Factor (UNKN). The UNKN factor was a major component of OA only at the end of the study, coinciding with a period of high isoprene, low aromatics, and a sulphate plume from the US Midwest.
An aerosol time-of-flight mass spectrometer (ATOFMS) was also deployed at Harrow, ON, to characterize the composition of single particles (McGuire et al., 2011) . Individual particles were classified into particle types and PMF was applied to their temporal trends to separate them into factors.
PM 1 OA, SO 4 , and NO 3 sampling with a unit-resolution AMS was also undertaken on EC's mobile laboratory, CRUISER, which was stationed for the majority of the BAQS-Met campaign in Windsor, ON. PMF analysis was also performed on the CRUISER AMS PM 1 data. In this case, both organic and inorganic m/z fragments were included and 6-to10-factor solutions were obtained and compared to known source profiles. Given the commonality of HOA, this factor appeared in each solution and there was little difference in the profile of m/z and mass explained for the 7-to 10-factor solutions. In the 6-factor solution a biomass (wood) burning factor and the HOA factor were combined, whereas increasing the solution to seven factors separated these two factors. The 8-factor solution for HOA was selected for comparison with the AURAMS results because this HOA factor had the strongest overall correlation (R = 0.2) with known source profiles related to vehicle exhaust and other published HOA factor solutions. PM 2.5 BC measurements were made by the EC CRUISER mobile laboratory at Windsor with a single particle soot photometer (SP2). At Bear Creek, EC measured PM 2.5 black carbon (BC) with a multi-angle absorption photometer (MAAP). At Harrow, the University of Toronto group measured PM 2.5 BC with a Sunset Laboratory filter-based thermo-optical instrument, and EC also measured PM 2.5 BC there with a photo-acoustic soot spectrometer (Droplet Measurement Technology). CO was measured at Windsor, Harrow and Bear Creek with an infrared spectrophotometer (Thermo Scientific TECO 48).
A scanning LIDAR instrument was deployed on the RAS-CAL mobile laboratory at Ridgetown. LIDAR is a remot sensing technique that provides high temporal and vertical information on atmospheric PM layers and was used to estimate daytime planetary boundary layer (PBL) mixing heights (Strawbridge, 2006) . No PM composition measurements were made, however, at Ridgetown.
Meteorological measurements were made at a large number of fixed and mobile surface weather stations in the study area. Mesoscale-network measurements included wind speed and direction, dry-bulb and dew-point temperatures, pressure, and solar radiation. These surface measurements, combined with GOES-12 satellite data and radar data from nearby US and Canadian weather radars, allowed the detection of lake-breeze circulations on each day during the intensive observation period based on mesoscale analysis. More details on the meteorological measurements and the lakebreeze detection analysis can be found in Sills et al. (2011) .
Results and discussion
POA sources affecting the study area
Before comparing model predictions and field measurements, it is informative to study the PM emissions inventories for the Canadian province of Ontario, where the BAQSMet field study took place, and one of the nearby upwind US states. Indiana was chosen because it is entirely to the southwest of the study region and POA evaluation statistics for periods with meteorological back trajectories from the southwest showed model POA under-predictions. Tables 1 and 2 summarize annual PM 1 primary organic carbon (POC) emissions for the 2006 Ontario provincial inventory and the 2005 Indiana state inventory, respectively, where POC is the carbon-only component of POA (i.e., neglecting hydrogen, oxygen, and other constituent elements). These tabulated POC emissions were calculated by applying source-specific PM chemical speciation profiles to annual PM 2.5 bulk emissions from individual source types that were identified by source classification category (SCC) codes in the inventories. An additional season-specific column was added to Tables 1 and 2 to report 3-month summer emissions for each POA source. Seasonal scaling factors of 0.5, 0.25, or 0.0 were then applied to the annual POC mass emissions depending on the expected seasonal behaviour of each source type to derive 3-month summer emissions. The PM 1 fraction of PM 2.5 was then applied to each source stream in the last column (see Sect. 2.2.1). Note one special case: the Indiana ORM emissions in Table 2 were present in the US NEI on a season-specific per-day basis, and thus the 3-month summer estimate was calculated by multiplication by 91 days. For Ontario, the current NEI indicates that the ORM sector contributes (196 × 0.96) tons C/summer of PM 1 POC emissions (5 % of total) with important contributions from both diesel and gasoline engines. The off-road mobile emissions were estimated to be (1.168 × 0.96) tons C/summer (29 % of total) with the largest contribution coming from diesel tractors. The area sources of PM 1 POC emissions are diverse in nature and total (3.477 × 0.73) tons C/summer (64 % of total), with charcoal grilling (1.345 × 0.73), dust sources (1.208 × 0.73), unavailable (456 × 0.73), industrial metal production (183 × 0.73), and industrial petroleum refining (111 × 0.73) making the largest contributions to the area sources. The minor and major point sources combined totalled (78 × 0.99) tons C/summer (2 % of total). The magnitudes of the POC emissions from area sources, especially from charcoal grilling, dust-related emissions, and off-road tractors, are surprising. Further investigation into the PM chemical profiles (US EPA SPECIATE4.2 database) applied to calculate the PM 2.5 POC emissions from charbroiling revealed a POC percentage of 81 % and from the PM 2.5 dust emissions revealed POC percentages of 9.7 % for paved roads, 5.5 % for unpaved roads, 4.6 % for construction, and 3.1 % for agricultural activities. For dust, these are relatively small percentages, but when they are applied to the large PM 2.5 dust emissions from these source types they yield appreciable PM 2.5 POC emissions. Thus, the current Canadian NEI and available PM 2.5 speciation profiles lead to the conclusion that area sources are the major contributor to PM 2.5 POC emissions, especially on regional scales. For the AURAMS simulations, emissions were processed slightly differently than those for the results in Tables 1 and 2. First, source-specific PM 2.5 bulk emissions totals were allocated spatially and temporally with SMOKE using sourcetype-specific spatial and temporal profiles and then were aggregated into four source streams: ORM sources; ORAA sources; and minor and major point sources. Second, the source streams for PM 2.5 were allocated chemically into five chemical components (POA, BC, SO 4 , NO 3 , CM) and into eight particle size bins within AURAMS. The four panels of Fig. 3 show examples of the spatial distribution of PM 1 POA emission maps for a July Monday at 17:00 UTC (13:00 EST) for ORAA sources, ORM sources, and minor and major point sources. For the ORM emissions the spatial distribution is focused on major highways and urban centres, with higher emissions associated with US highways compared to Canadian highways. For the ORAA sources, the spatial distribution is much more homogeneous, with the exception of lower emissions over the lakes and to the northeast of Bear Creek, and no large discontinuity is observed across the US and Canadian land border. The dominance of the POA area sources suggested by Tables 1 and 2 is evident in Fig. 3 , with only the grid cells containing major roadways in the US and to the north of Bear Creek in the Port Huron, MI-Sarnia, ON area having ORM POA emissions greater than the ORAA POA emissions. Figure 3 also shows the POA major and minor point sources. The scales on the point-source plots are an order of magnitude larger than those used for the ORAA and ORM emissions plots. Significant point-source emissions are found in the US to the north, west, and south of the study area, but there are few POA point sources on the Canadian side of the international border and south of Bear Creek. Major point sources are often power generation stations; these have high NO x emissions, but due to efficient combustion and to PM control technologies they are typically lower POA emitters (even though POA makes up 16 % of PM 2.5 mass in our point-source profiles). Domain totals for the entire innermost (2.5-km) modelling domain (cf. Fig. 2) show that 74 % of the PM 1 POA emissions are from ORAA sources, 12 % from major point sources, 8 % from ORM sources, and 5 % from minor point sources (see Fig. 2 and Table 3 ). For the entire 15-km middle nested domain, 74 % of the PM 1 POA emissions are from ORAA sources, 15 % from major point sources, 6 % from ORM sources, and 5 % from minor point sources. For the single 42 × 42 km grid cell of the outermost domain that includes Detroit and downtown Windsor, 47 % of the PM 1 POA emissions are from ORAA sources, 28 % from major point sources, 15 % from ORM sources, and 10 % from minor point sources. Thus, according to the Canadian and US NEIs, the Windsor site is strongly impacted by all emissions source streams, including ORM emissions in the Detroit/Windsor urban area and ORAA and point sources in the surrounding region. The Harrow site is impacted largely by ORAA sources, with the exception of those times when it is directly impacted by plumes from point sources or from nearby urban centers (Cleveland and Toledo along the south shore of Lake Erie and Detroit/Windsor to the northwest). At Bear Creek, ORAA and ORM sources in nearby towns and major point sources along the St. Clair River are important local sources, in addition to petrochemical industries to the north in Sarnia, ON, as well as Detroit-Windsor sources to the southwest across Lake St. Clair. For longer-range transport of pollutants to the study region from the southwest, the emissions in the US Midwest are of significance. This is an important synoptic flow pattern for summertime conditions in the study region (i.e., back of the Bermuda High), and gradient winds from this direction tend to be brisk . Furthermore, meteorological back trajectories arriving to the study region from the southwest were associated with POA under-predictions (see Supplement section). Table 2 shows the PM 1 POC total emissions and percent contributions for the state of Indiana, which is located entirely southwest of the BAQS-Met study area, calculated with the 2005 US PM 2.5 NEI processed as for Table 1 with the application of SCC-specific PM chemical profiles and PM 1 fractions of PM 2.5 . Note that the population of Indiana in 2005 was about half that of Ontario: 6.3 vs. 12.1 million.
ORM diesel and gasoline combustion emissions in Table 2 are comparable in magnitude and total (204 × 0.96) tons POC/summer (7 % of total). Off-road mobile emissions total (572 × 0.96) tons POC/summer (19 % of total) and are dominated by emissions from diesel tractors, gasoline pleasure craft, gasoline recreational vehicles, and gasoline lawn and garden equipment. Residential wood combustion is large in winter but would not be expected to be significant in summer. Area emissions sources total (1.863 × 0.73) tons POC/summer (48 % of total) and are composed largely of dust sources, charcoal grilling, waste disposal, and coal and oil combustion for area industrial processes. Point-source emissions can be split into (498 × 0.99) tons POC/summer from industrial processes and (268 × 0.99) tons POC/summer from electricity generation, largely from coal, for a sum of (765 × 0.99) tons POC/summer (26 % of total).
Interestingly, in comparing the PM 1 POC Ontario and Indiana inventories, the sum of the on-road and off-road mobile source percentages are very similar: 34 % for Ontario and 26 % of Indiana. Ontario has higher area-source percentages than Indiana (64 % compared to 48 %) and Indiana has higher point source percentages than Ontario (26 % compared to 2 %). This is reasonable given the larger population and land area of Ontario and larger emissions from point sources in the US Midwest and Ohio Valley compared to Ontario, where coal-fired power generation is much less important. The Indiana inventory does give a picture of which POA area sources and point sources are estimated to be important (i.e., according to the US NEI) in terms of contributing to long-range transport of POA into southwestern Ontario. Charcoal grilling and fugitive dust emissions are the two largest POA sources in Indiana. Industrial point sources are diverse and also very important; major emitters include oilbased boilers, metal production, fibreglass production, and coatings production among many other source types. Powergeneration point sources are also more important than in Ontario. ORM sources, on the other hand, are non-negligible but weaker for the midwestern United States, including Indiana. Table 3 also lists the emissions contributions by source stream for two related carbonaceous species, CO and PM 2.5 BC. For CO emissions in the Detroit/Windsor airshed, ORM sources and ORAA sources are comparable in magnitude while point sources make only a small contribution. For PM 2.5 BC emissions in the Detroit/Windsor airshed (i.e., Detroit 42-km grid cell), ORM sources are the dominant source followed by ORAA sources. Point sources are smaller but non-negligible. Collectively, Table 3 illustrates that POA, CO, and BC have different source signatures. In comparing these species, we cannot assume they have common sources, but they still may provide complementary information on which sources and/or processes result in model concentration biases.
Campaign Statistics for PM 1 POA and HOA at Windsor
Comparing model-derived POA with measurement-derived HOA must be done carefully and with the knowledge that HOA and POA are not identical quantities under all situations. HOA is derived from hydrocarbon-like fragments in the AMS, which are often strongly tied to fossil-fuel combustion but which can also be related to early-generation products of long-carbon-chain precursors (e.g., sesquiterpenes, long-chain alkanes) that become oxidized but retain hydrocarbon character. Similarly, model POA may also contain some emitted oxygenated organic species that could load onto the OOA factors. As shown in Sect. 3.1, the POA emissions inventory also contains a large fraction of OA bound to dust, and it is unlikely that the HOA measurement would capture this source. Table 4 presents the model PM 1 POA performance statistics for the urban Windsor site (see Fig. 1 ). Statistics are separated into three diurnal periods: daytime (09:00-14:00 EST); nighttime (18:00-06:00 EST); and rush-hour periods (06:00-09:00 and 14:00-18:00 EST). The daytime model PM 1 POA mean is 1.1 ± 0.9 µg m −3 and compares well with the measured PMF HOA factor mean of 1.2 ± 1.0 µg m −3 ; however, the model vs. measurement correlation yields a slope of 0.39, a model y-intercept of 0.65 µg m −3 , and a correlation coefficient, R, of 0.43. The poor correlation likely reflects possible compensating errors in the emissions or a poor model timing of meteorological factors such as frontal passages, boundarylayer stability, and the exact placement of plumes.
The nighttime model PM 1 POA mean is 2.1 ± 2.8 µg m −3 with a large standard deviation as compared to the measurement mean of 1.0 ± 1.0 µg m −3 . The large standard deviation of the model mean likely reflects variations in modelling the nighttime meteorology, especially vertical mixing near the surface, while the positive bias suggests that the model's surface layer may be too stable at night or that nighttime emissions may be too large. Figure 4 presents the PM 1 POA percentage error for 15-min averaged data points at Windsor plotted against wind speed for nighttime data only. The colour coding is the ratio of the model to measured surface temperature. At night, the largest overpredictions occurred under light wind conditions (less than 1 m s −1 ) when the model was significantly underpredicting surface temperature (blue points), resulting in a model surface layer that was too stable compared to ambient conditions.
The rush-hour model PM 1 POA mean is 1.6 ± 1.6 µg m −3 , which compares favourably with the HOA factor of 1.4 ± 2.1 µg m −3 . The HOA factor is largest at rush-hour periods compared to other times of the day. The large standard deviation on the measured mean value likely reflects both meteorological variations associated with the vertical mixing in the boundary layer and the greater variability of ORM emissions at this time associated with traffic flow patterns. The y-intercept of the model vs. measurement bestfit line is particularly large at 1.4 ± 0.1 µg m −3 . The slope of 0.16 ± 0.05 and correlation, R = 0.20, are also poor. This variability reflected in the low R value could stem from the poor spatial allocation of Canadian ORM emissions by the SMOKE program due to the use of a single spatial surrogate based on a combination of road-network and population distributions, which in hindsight over-weighted by population distribution and under-weighted roadway locations for Ontario and other provinces (see Fig. 3 ). A more detailed approach that employed six spatial surrogates, three for urban areas and three for rural areas, was used for spatial allocation of the US ORM emissions . ., 12, 8297-8321, 2012 www.atmos-chem-phys.net/12/8297/2012/
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A time series analysis was also performed and is presented in the Supplement section. Specific times are highlighted where POA was overpredicted due to a very stable model surface layer, as well as times when the Windsor site was impacted by power plant plumes and the model tended to overpredict POA. Figure 5a illustrates the ratio of PM 1 POA to HOA plotted against the ratio of PM 1 model SO 4 to measured SO 4 colourcoded as a function of model SO 4 concentration at Windsor. Figure 5a indicates that points that are (1) close to a model SO 4 to measured SO 4 ratio of unity (±0.5 from unity are plotted) and (2) high in model SO 4 (e.g., point source plumes) have a ratio of POA:HOA of 10 or higher. This provides further evidence of a model tendency to predict high POA levels in SO 4 plumes. For other points with similar ratios of model to measured SO 4 close to unity but low model SO 4 concentrations (red points), the POA to HOA ratio is quite variable (ranging from unbiased to an underprediction of HOA) and other sources and processes likely play more important roles. Figure 5b shows a scatter plot of the model POA to HOA ratio vs. the HOA factor mass concentration for Windsor. There is an apparent trend in bias with measured mass concentration. At intermediate HOA levels, the model is less biased; however, it underpredicts at high HOA levels and overpredicts at low HOA levels. This trend could result from issues in the spatial resolution of the model grid at urban scales or from inadequacies with the spatial surrogate fields for ORM and/or ORAA sources in Windsor. This trend, however, is also consistent with the evaporation hypothesis proposed by Robinson et al. (2007) for combustion sources that have undergone significant ambient dilution. At low HOA loading, the model POA evaporation process may be needed to reduce the model over-prediction at Windsor. Figure 5c shows a scatter plot of the ratio of model PM 2.5 BC to model POA vs. the ratio of measured PM 2.5 BC to HOA and colour-coded with the ratio of model PM 1 POA to HOA (yellow is less biased, red indicates an HOA underprediction, and blue indicates an HOA overprediction). The ratio of PM 2.5 BC to HOA is a measure of the importance of diesel and oil combustion sources relative to other sources (e.g., food cooking, soil dust, and coal and wood combustion) since PM 2.5 BC is produced predominantly from diesel combustion sources (e.g., Samaali et al., 2011) . For ratios that are low in both model BC:POA and measured BC:HOA (area sources such as soil dust and meat cooking), these points have high ratios of POA to HOA (i.e., POA overpredictions, denoted by blue colours). This is consistent with the hypothesis that the spatial surrogates for these area source types are too uniform and may need more structure at urban scales. Conversely, ratios of model and measured BC/POA that are both large (ORM and ORAA sources of diesel combustion) are colour-coded red, indicating underpredictions in POA from diesel combustion sources.
Modelled POA bias and its correlation with indicator ratios for Windsor
Campaign statistics for CO and PM 2.5 BC at Windsor
The model performance for two other carbonaceous species, CO and PM 2.5 BC, may provide additional information on how well the model is performing in terms of meteorology; however, CO and PM 2.5 BC are unique species with their own modelling challenges. CO is not simply a longlived passive tracer of combustion, since it is produced as a secondary pollutant from both biogenic and anthropogenic VOCs. PM 2.5 BC is also long-lived and can be influenced by upwind boundary conditions. PM 2.5 BC is more problematic to measure, and three different techniques have been used at the three super-sites (see Sect. 2.3). BC sources can also differ from POA sources (e.g., diesel, fuel oil, and aircraft exhaust emissions are higher in BC than POA; see Fig. 2 in Robinson et al., 2010) . Tables 5 and 6 present the model evaluation statistics at the urban Windsor site for CO and PM 2.5 BC, respectively. During the day, the campaign-mean model CO was calculated from 15-min-average data points. The daytime model CO is significantly overpredicted with a normalized mean bias (NMB) of 134 %, a root mean square error (RMSE) of 520 ppbv, and a correlation coefficient of R = 0.24. Conversely, during the day, the campaign-mean model PM 2.5 BC, also calculated from 15-min-average data points, was underpredicted, with a NMB of −48 %, a RMSE of 1.4 µg m −3 , and a correlation coefficient of R = 0.42. Clearly, the three carbonaceous species (POA, CO, and BC) have considerably different biases, errors, and correlations. The NMB value of POA is considerably better than the NMB values of CO and PM 2.5 BC during the daytime hours at Windsor: 15 % vs. 134 % and −48 %. The nighttime and rush-hour period statistics are discussed in detail in the Supplement section. In short, they also show large model CO overpredictions and PM 2.5 BC underpredictions. The yintercepts (model values) in the POA model-measurement scatter plots for all three time periods are all positive and large compared to mean modelled values. This could result from numerous possible causes, including (1) not enough vertical mixing in the model in locations where there are high emissions, (2) too slow model deposition processes for urban land use, and/or (3) overly uniform spatial allocation of emissions in urban areas compared to actual emissions patterns (e.g., roads vs. human population vs. commercial surrogates).
Overall, vertical mixing appears to be a critical model process impacting the results at the urban site. It is likely that the emissions inventory for CO is better characterized than POA or BC, given that CO emissions per unit activity level are more easily measured and that CO is chemically and physically stable on the time scale of vertical mixing. If we assume our CO emissions are accurate, then the results may imply that urban-scale vertical mixing is under-predicted in the model. BC has a larger source contribution from mobile emissions, especially diesel combustion, compared to POA and CO. Any change to increase the mobile emissions, especially diesel combustion, would result in an improvement in the model BC negative bias.
Campaign statistics for PM 1 POA and HOA at
Harrow and Bear Creek Table 7 summarizes the model PM 1 POA performance statistics for the rural Harrow and Bear Creek sites. The daytime model mean at Harrow is 0.3 ± 0.2 µg m −3 compared to a PMF HOA factor of 0.8 ± 0.7 µg m −3 . Unlike the urban site, the nighttime averages in the model and measurements are similar to the daytime averages. The averages are within the one standard-deviation of each other. However, the daytime NMB at Harrow is larger than at Windsor whereas the nighttime NMB is smaller (−62 % vs. 15 % in day; −51 % vs. 100 % at night). Given the rural location of Harrow and its proximity to few ORM emission sources, the variability in the modelled 15-min average may be associated with pollution transport patterns to the site or emissions spatial disaggregation, both of which have large uncertainties. The campaign-averaged PM 1 POA under-prediction may be a result of biases in the ORAA inventory or difficulties with the model consistently representing the transport pathways of pollutants to Harrow. The model POA y-intercepts, slope, and correlation are also poor. In the summer Harrow is often impacted by lake-breeze fronts, which are difficult to model accurately both spatially and temporally (Levy et al., 2010; Makar et al., 2010a ). The Supplement section shows time series of measured PM 1 HOA and AURAMS PM 1 POA for Harrow. In short, the model does not capture the magnitude of the largest HOA maxima, whereas the lowest background concentrations are captured reasonably well by the model. Interestingly, the Bear Creek model PM 1 POA mean is similar to Harrow's while the Bear Creek measured HOA mean is much smaller than Harrow's. Like Harrow there is little difference between daytime and nighttime measured averages at Bear Creek, but the Bear Creek daytime model yintercept, slope, NMB, and correlation values are much better than the corresponding values for Harrow. This may be a reflection of Bear Creek being influenced by fewer and different sources than Windsor and Harrow during the study. The dominant wind direction during the 3-week study was from the northwest , and this direction has few upwind point and urban sources. On the other hand, relative to Bear Creek, Harrow is situated downwind of the Detroit/Windsor urban area for northwesterly flow. In addition, the location of Bear Creek is such that for any wind from the NW-to-SW quadrant, the location will be impacted by emissions from the US NEI, which are arguably better characterized than the Canadian NEI, especially in the application of spatial surrogates since US emissions are reported at the county level, which is a much finer spatial scale than the Canadian emissions, which are reported at the much larger provincial level and hence which are much more sensitive to the suitability and representativeness of the spatial surrogates that are used. The transport pathways may also be better represented in the model at Bear Creek. The correlation does worsen at night for Bear Creek, but the model remains unbiased there. This may be a reflection of predicting the stability of the nocturnal boundary layer and the drainage flow of plumes from local sources along the St. Clair River.
Campaign statistics for CO and PM 2.5 BC at
Harrow and Bear Creek Tables 8 and 9 list campaign-period performance statistics for CO and PM 2.5 BC at Harrow and Bear Creek (cf. Tables 5 and 6 for Windsor). CO was largely unbiased at both sites for both daytime and nighttime periods. The correlation coefficient, R, for CO is also significantly improved for these two rural sites compared to the urban Windsor site. The good agreement for CO at these two rural sites suggests that long- At Harrow, PM 2.5 BC was underpredicted to a similar degree as POA (NMB = −73 % during day and −67 % at night vs. −62 % and −51 %). At Bear Creek, PM 2.5 BC was also significantly underpredicted (NMB = −71 % during day and −67 % at night), but the daytime correlation for BC at Bear Creek was the best of all three species for the three sites (R = 0.72). In fact, PM 2.5 BC was consistently and significantly underpredicted at Windsor, Bear Creek, and Harrow, suggesting a problem with the magnitude of the emissions. Interestingly, at Harrow none of the three carbonaceous species displayed significant differences between day and night. The behaviour of POA and CO were quite different in the statistics at Harrow, while POA and BC had similar statistics in terms of NMB and correlation.
Calculations of measured and model PM 1 sulphate for the entire period at Harrow showed only a small NMB of 14 %. The model and measured means were 3.3 µg m −3 and 2.8 µg m −3 , respectively. Figure 6 shows a scatter plot for model and measured PM 1 SO 4 at Harrow colour-coded as a function of the ratio of PM 1 POA to HOA. Points with model POA to HOA ratios greater than 1.5 tend to fall on or above the model and measurement SO 4 1:1 line. This suggests that for some model SO 4 plumes, the POA is overpredicted (e.g., 26 June, 12:00-13:00 EST). This likely reflects the CTM's ability to predict the placement and vertical mixing of point source plumes. An examination of the AURAMS surface SO 4 and POA distributions on 26 June (not shown) suggests Harrow was influenced by longer-range transport of plumes from point sources along the southern shore of Lake Erie. Interestingly, there are also some points close to the PM 1 SO 4 model vs. measurement 1:1 line which are high in POA to HOA ratio (e.g., 17 June, 13:00-14:00 EST). This suggests that the point-source PM chemical speciation profile used by SMOKE may overweight the POA fraction for sources impacting Harrow. An examination of the AURAMS surface SO 4 and POA distributions (not shown) suggests Harrow was influenced from point sources along the Detroit River on 17 June; however, the model fields also suggest significant convective activity and showers on this day and this complicates further analysis.
The fact that CO is much better predicted at the two rural sites whereas POA is often underpredicted at Harrow does support the hypothesis presented earlier that too weak vertical mixing at the urban site may result in CO overpredictions there. The air masses impacting Harrow have more time for vertical mixing out of the lowest model layer and thus are not as sensitive to mixing as at the urban Windsor site. By contrast, POA may be underpredicted at Harrow due to insufficient upwind urban emissions. The next section will perform a more diagnostic evaluation of this hypothesis for specific case study times at Harrow and Bear Creek.
Case studies
In this section of the study, we examined four types of case studies (urban influence, biomass burning, transport from the southwest, and transport from the northwest) to better understand the sources of model POA bias under different daytime conditions, especially the times for POA under-prediction at Harrow. Case-study periods were identified based on analysis of high-resolution meteorological back trajectories for Harrow and Bear Creek, and, for Harrow, the single-particle component-based factor analysis results from McGuire et al. (2011) . Cases for air masses transported from the southwest and northwest are discussed in the Supplement section. In short, the model showed underpredictions in model POA with wind direction from the southwest and good agreement for air masses from the northwest. The mesoscale analyses and high-resolution back trajectories are included in the Supplement section for all cases. The spatial distributions of the model vertical wind speed at 390 m are also included in the Supplement section for one case to compare with the positions of the lake-breeze fronts on the mesoscale analysis.
Note that 4 July 2007 was removed as a potential casestudy day due to too much model convective instability compared to radar. A model mesoscale circulation swept through the Bear Creek region that was not observed in the winds at the mesonet sites. 30 June was also removed due to different wind directions observed and modelled near Bear Creek. At times, the position of the Lake Erie lake-breeze front was misplaced by the model (e.g., 6 July), which is important in determining which air masses were sampled at Harrow. A detailed discussion of meteorological impacts on air quality is beyond the scope of this paper. Case studies are only presented in detail here for periods when the model was felt to represent the transport accurately from a comparison with the mesoscale analysis. Sulphate will be used for further diagnosis in the case studies. Table 10 lists the two representative case-study (CS) periods for Detroit/Windsor urban-influenced air masses arriving at Harrow (21 June) and Bear Creek (8 July). At Harrow, this corresponds to the "Organic" factor period identified in McGuire et al. (2011) . Single-particle ATOFMS PMF analysis identified the likely source of the organics as fuel combustion. The "Organic" factor also correlated well with gas-phase NO 2 and PM 2.5 BC, which are both fuel combustion tracers. Examination of the measured particle size distribution for this factor revealed geometric mean diameters in the range 0.55-0.58 µm, which together suggests the "Organic" factor may be related to secondary organic aerosol. The aerosol mass spectra indicated oxidized organic species and a fragmentation pattern consistent with aromatic molecular groups. Thus, the smaller Aitken-mode HOA particles likely originated from sources that were also rich in SOA precursor gases. At Harrow, the AMS HOA factor was 17 % of the AMS OA measured mass concentration. The HOA factor (1.4 µg m −3 ; Table 10 ) was also larger than the 23-day daytime average (0.8 µg m −13 ; Table 7 ). Back trajectories on 21 June were also consistent with moderate NNW gradient winds and air parcels passing over southern Detroit before reaching Harrow (Section Supplement, CS 1a). The NMB value for PM 1 POA was −81 %. The AURAMS PM 1 POA surface distribution map (Fig. 7) shows the Harrow site on 21 June (10:00 EST) being impacted by an electric-power generation station plume (Trenton) but little else. From the AURAMS POA surface distribution, the modelled downtown Detroit plume from the highest density of ORM emissions passed well north of Harrow. The mesoscale analysis shows that measured wind directions at Harrow and nearby sites were consistent with the model winds, and the PBL heights derived from model vertical profiles were consistent with the Ridgetown LIDAR measurements.
Detroit/Windsor urban-influenced air masses arriving at Harrow and Bear Creek
For other species, the model and measured PM 1 SO 4 concentrations were 1.9 and 1.3 µg m −3 , respectively, over the 5-h daytime period, markedly lower than the model and measured campaign means for Harrow of 3.3 and 2.8 µg m −3 . There was a short-lived maximum in the modelled SO 4 when the Trenton plume passed over Harrow (∼30 min duration): however, the remaining 4.5-h period saw relatively low and constant SO 4 levels in both model and measurements. The NMB for CO was low at −17 % but the NMB for PM 2.5 BC was −84 %, similar to that for PM 1 POA (NMB = −81 %). The source region in southern Detroit is heavily industrialized. The predominant wind direction in the region for the campaign was from the west to north-west . Given this prevailing wind sector, this case provides further evidence for a common synoptic pattern contributing to the campaign-mean negative PM 1 POA bias at Harrow.
At Bear Creek on the afternoon of 8 July, the HOA factor was also larger than average (1.0 vs. 0.3 µg m −13 ), winds were moderate from the SW, and back trajectories showed (Fig. 7 ) for 8 July (13:00 EST) does not show a well-defined plume being transported from southern Detroit/Windsor. The model vertical cross section parallel to the surface wind direction at Bear Creek clearly showed some surface downtown Detroit urban emissions and their vertical mixing (Fig. 7) . The model mixed layer was well developed at Bear Creek by the afternoon and vertical mixing was diluting the downwind plume. The Ridgetown LIDAR measurements were not available at this time; however, the model-derived PBL height was similar to the campaign-mean afternoon LIDAR PBL height of 1600 m. The measured HOA was consistently higher than the campaign-mean value for more than four hours, suggesting the measurements were not due to a passing localized plume. The NMB values for CO and PM 2.5 BC of −21 % and −71 %, respectively, were similar to the above Harrow case. The similar NMB values for PM 2.5 BC and PM 1 POA may suggest a common cause for the underpredictions (e.g., areasource spatial disaggregation for urban areas or emissions activity levels for urban diesel sources). The good agreement for CO may suggest that vertical mixing issues at the urban site may lose their impact at the rural sites due to the longer transport times for mixing to take place (Table 5 vs. Table 8 ).
It is interesting that the campaign-mean daytime model bias for PM 1 POA is small at the Windsor urban location, but the 21 June and 8 July cases both show a significant model POA underprediction when the Detroit/Windsor plume is impacting one of the rural sites. The mesoscale analyses for both cases suggest the model is representing the meteorology reasonably well (see Supplement section, CS 1a, b) , and the wind fields are straightforward for both days, which suggest that the POA emissions were more likely under-represented than dispersion was over-represented, especially from the heavily industrialized southern Detroit source region as compared to the more ORM-dominated site in Windsor. Another possibility is that the oxidation of intermediate volatile organic compounds (IVOCs: e.g., long-chain alkanes) may be occurring during transport to the rural sites and weakly oxidized early-generation IVOC products may be condensing and then classified as HOA in the PMF analysis. Evidence for HOA factor mass generated from the oxidation of crude oil evaporative IVOC emissions in the Gulf of Mexico (e.g., long-chain alkanes) was recently found by de Gouw et al. (2011) . Table 11 lists two cases when Harrow sampled biomassburning-influenced air. The model PM 1 POA means were low, as AURAMS did not account for emissions from biomass-burning events. The single-particle ATOFMS PMF analysis on 6 July showed influence from a "biomassburning" factor (McGuire et al., 2011) . The unit resolution AMS PMF spectra were ambiguous for the biomassburning periods and the factorization routine did not calculate a unique BBOA factor. However, it is likely that some non-quantified amount of the HOA is related to biomass burning as HOA does correlate with acetonitrile and potassium , which are tracers for biomass burning (Aiken et al., 2010) . HOA also correlates with gaseous aromatics so a mix of influences is likely. Model comparison with the HOA factor results in NMB values of −71 % and −94 % for the 7 an 6 July periods, respectively. The mesoscale analysis and high-resolution back trajectories can be found in the Supplement section (see CS 3a,b). These cases also contributed to the overall model PM 1 POA underprediction at Harrow and support the need to include day-specific biomass burning emissions in AURAMS.
Intermittent biomass-burning
Discussion
Comparison to Other receptor modelling studies
Other receptor-oriented models have been used to estimate POA contributions to PM 2.5 . Pachon et al. (2010) several years, the CMB method gave the lowest estimate of the relative contribution of POA (54 %) and PMF gave the highest (74 %). Williams et al. (2010) performed hourly measurements of source marker species at Riverside, California during the summer and their PMF analysis showed that primary contributions to OA were 11 % from fuel combustion, 10 % from food cooking, and 7 % from forest fires. Dreyfus et al. (2009) used organic molecular composition measurements for an autumn period in Wilmington, Delaware in a PMF analysis to identify six factors linked to specific sources (diesel exhaust, road dust, meat cooking) or types of compounds (alkanes/alkanoic acids, phthalates, PAHs). For the POA sources, ∼1/3 was contributed from fuel combustion (largely diesel) and ∼2/3 was from non-combustion sources (dust, meat cooking). Each of these receptor modeling approaches has its advantages, and overall a weightof-evidence assessment using various approaches to source apportionment is favourable. The most geographically relevant prior receptor-orientated analysis was reported by Zhang et al. (2009) . They used monthly measurements of eight individual particle-phase organic marker species as well as PM 2.5 BC and OA mass Illinois) , on the other hand, the ORM-sourcedominated factor was negligible compared to the other urban primary sources (food cooking, road dust) and other combustion sources (coal). Their results are similar to the emissions inventory percentages for Indiana presented in Sect. 3.1.
Recommendations for future work
Overall, the methodology of using only four PM chemical speciation profiles (for ORM, ORAA, minor point and major point sources) employed in this study to speciate primary PM emissions resulted in reasonable model performance. The general trend was for model underprediction at higher measured HOA, model overestimation at lower measured HOA, and less biased model results at mean HOA. However, in the future, modelling specific source plumes for source apportionment studies will require further development and use of source-specific (SCC-based) PM chemical speciation profiles (e.g., POA fractions from coal-combustion vs. naturalgas-combustion plumes, separation of diesel from gasoline combustion).
It would be beneficial to design future studies so that additional chemical mass balance analysis could be performed on source-specific marker species. This would complement the PMF analysis done here. Furthermore, it would be enlightening to perform "tagged" source simulations to compare with the interpretations from a CMB analysis. Together these future studies would help to better characterize the bias for our case-study periods.
The magnitude of the area POA sources in the US and Canadian emissions inventories suggests that more effort should be dedicated to reducing uncertainties in these sources (food cooking, road and soil dust). Work should also be done in parallel to continue to develop both improved and new Canadian spatial and temporal profiles at finer resolutions (e.g., add more road-type spatial surrogates, improve meat-cooking surrogates for commercial and residential sectors). The combination of (1) higher urban-scale POA and BC emissions from diesel combustion, (2) more structured (i.e., less smooth) spatial allocation of area POA emissions in urban areas (food cooking, road dust), and (3) dynamic POA evaporation based on volatility would help the model trends in terms of magnitude and bias from urban to rural scales. In addition, work should continue with adding day-specific biomass-burning emissions capabilities.
Conclusions
An analysis of the POA emissions inventory for summer conditions in Ontario highlights the diversity of POA sources, with surprisingly large contributions from ORAA sources such as food cooking, tractor fuel combustion, and road and soil dust in addition to the well recognized ORM fuel combustion sources. An analysis of the PM 1 POA emissions for the Detroit/Windsor grid cell (42 × 42 km 2 ) showed contributions of 47 % from ORAA sources, 38 % from point sources, and 15 % from ORM sources. A prior molecularmarker-based PMF analysis of organic aerosol by Zhang et al. (2009) for the same area calculated considerably more ORM contribution for Detroit (60 %). This provided our first evidence that our model ORM emissions may be underestimated for the Detroit/Windsor air shed.
In the study area, many urban and point emissions lie on the shorelines of the Great Lakes and the Detroit River. The influence of mesoscale lake-breeze fronts and circulations on the dispersion of emissions is very complex in this region in the summer and creates a challenge and necessity to model POA at high resolution in order to capture the spatial structure of local atmospheric flows. A common flow pattern for southwestern Ontario in the summer is brisk winds from the southwest, which results in longer-range transport of air originating from the U.S Midwest plus superposition of emissions from sources along the shores of Lake Erie. An analysis of the POA emissions inventory was performed for Indiana, a nearby upwind US state for this flow direction, which showed POA emissions to be dominated by ORAA source (67 %) and point sources (26 %) and a very small contribution from ORM sources (7 %). These percentages are similar to the published estimates by Zhang et al. (2009) for one rural site in the mid-western US (Bondville, Illinois).
Particle component-based factor analysis was applied to AMS measurements made during the 2007 BAQS-Met field study at one urban site (Windsor, ON) and two rural sites (Harrow and Bear Creek, ON) to derive HOA factors. Colocated CO, PM 2.5 BC, and PM 1 SO 4 measurements were also used to evaluate and interpret AURAMS CTM results along with surface meteorological mesoscale analyses and high-resolution back trajectories. In Windsor, the nighttime model PM 1 POA mean was considerably higher than the PM 1 HOA mean, with the largest PM 1 POA overpredictions occurring in stable model surface layers on calm nights that resulted in the accumulation of urban POA emissions in the lowest model grid layer. For Windsor, the model underpredicted PM 1 POA levels at higher BC-to-HOA ratios. This trend provides a second piece of evidence that on-road diesel emissions, which are rich in BC relative to POA, may be under-represented in the model emissions. Additional evidence for this was shown by examining model predictions for air masses originating from southern Detroit, which is a heavily industrialized area with extensive use of diesel trucks. Southern Windsor also includes the major highway for diesel trucks travelling to/from one of the busiest Canada/US border crossings. Work is underway to build new ORM spatial surrogate fields for Canada based on an updated version of the Canadian road network with more road classes.
Scatter plots for Windsor also showed a trend of increasing model PM 1 POA overprediction at lower HOA concentrations and at lower BC-to-HOA ratios. This could result from inaccuracies in the spatial surrogate fields used to allocate area-source emissions in space, with under-weighting over urban centers, or from the inability of a model with relatively coarse grid spacing to resolve the spatial distribution of emissions at urban scales. The trend of overprediction at lower HOA mass concentrations is also consistent with the need to include the POA evaporation process as proposed by Robinson et al. (2010) .
At the rural Bear Creek supersite, PM 1 POA underprediction was also observed for cases of outflow from the DetroitWindsor urban area, whereas there was good agreement in general at Bear Creek for periods when clean background air flowed into the study region from the north. Measurementderived HOA was also considerably lower at Bear Creek than at Windsor or Harrow.
Campaign-mean POA statistics were considerably worse at the rural Harrow supersite than at either Windsor or Bear Creek. At Harrow, the case studies that were found to contribute to the campaign-mean POA underprediction were: (1) outflow periods from Detroit-Windsor, (2) transboundary flow periods from the US Midwest, and (3) biomass-burning periods. Meteorological influences associated with the frequent lake-breeze conditions likely also contributed to uncertainties at Harrow, which is situated close to the northwest shore of Lake Erie.
The good PM 1 POA agreement at Windsor and PM 1 POA underprediction at Harrow vs. the CO overprediction at Windsor and good CO agreement at Harrow appears to be in conflict and is not easy to reconcile. One possible explanation could be an underestimate in the ORAA POA emissions for urban areas (possibly related to less structured spatial surrogate fields used for spatial disaggregation of food cooking and dust emissions in urban locations) and an underrepresentation of urban-scale vertical mixing in the lowest model layers, especially at night. In addition, the consistent underprediction of PM 2.5 BC at all sites needs to be considered. Underestimates of vehicle emissions is very likely the cause of the BC underpredictions.
In summary, this study contributes to the scientific literature on model evaluation and source attribution by:
-Developing a unique model POA evaluation methodology using the positive matrix factorization analysis from the continuous AMS data. The study is multicomponent in nature and focuses on the evaluation of three carbonaceous species simultaneously. Model biases are evaluated in terms of meteorological variables and indicator ratios of air mass source type. Model biases for fresh urban, aged urban and biomass burning case study periods are also calculated and analyzed.
-Results suggest predictions of all three carbonaceous species can be improved by a combination of: (1) increased vertical mixing at urban scales, (2) more structured spatial allocation of area PM emissions (e.g. meat cooking, dust) on urban scales, (3) improved spatial allocation of on-road mobile emissions with more allocation on urban streets and less on rural roads, and (4) a systematic underestimate in the black carbon emission factor from the mobile emission sector.
-Emission inventory analysis for Detroit/Windsor grid cell suggests under-weighting of mobile emission contribution compared to other molecular-marker based receptor modelling studies in the same air shed (Zhang et al., 2009) . Large inventory sources for meat cooking POA were identified and suggest more effort should be placed at allocating this source in urban areas.
